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Abstract 
Recently, information and communications technologies (ICT) have been widely used in the air-conditioning field, 
and high- performance and density ICT facilities have been rapidly growing. At the same time, the heat generated per 
unit area of a normal data center, where the servers and routers are concentrated, in an ICT facility is an extremely 
serious problem. Therefore, this study aims to investigate the performance and characteristics of the server spot 
cooling heat transportation system adopting CO2 as the working fluid to prevent the occurrence of hot spots and 
decrease the power consumed by a conventional overall air conditioning system installed at a data center with 
experiments and simulations. In the result, we determined the optimum CO2 circulation rate that maximizes the 
rejected heat flow rate, and minimizes power consumption. 
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1. Introduction 
Presently, information and communications technologies (ICT) are widely used in the air-conditioning 
field, and high- performance and density ICT facilities are rapidly growing. At the same time, the heat 
generated per unit area of a conventional data center, where the servers and routers are concentrated, in an 
ICT facility is an extremely serious problem. Moreover, the cost of the electricity needed in cooling an 
ICT facility makes up more than 30% of the total cost. These factors require the development of a high 
performance air-conditioning system. In a data center, conventional air-conditioning method is simple 
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overall air conditioning by the air conditioner. However, it leads to an increase in the fan power with 
increasing heat release, and limits the airflow rate from the free access floor. In addition, hot spots occur 
and any subsequent expansion of the facilities is difficult. For these reasons, we have suggested the task 
air-conditioning method using CO2 working fluid as the heat transportation fluid to resolve the blade 
server rack hot spot problem. This method may decrease the power consumption and maintain good 
environmental conditions in a server room. Use of CO2 as the working fluid offers electrical reaction 
stability, latent heat utilization, and a reduction in the circulation flow rate, and the tube diameter and 
pump power. As a result, we can expect high performance from a CO2 heat transportation system of the 
server spot cooling type that is operated between the server racks. So far, conventional research results for 
the CO2 heat transportation in the air-conditioning system of a data center have been seldom reported, and 
the basic characteristics have not been clarified. Therefore, in this study, we construct a CO2 forced 
circulation and heat transportation system without a back flow for the working fluid, and discuss the 
operation characteristics of the system using simulations and experiments. 
 
Nomenclature 
        
A area    m2       α    heat transfer coefficient         W/m2K 
d diameter    m       δ    liquid film thickness          m 
f friction factor   -       ε    vapour void fraction          - 
G mass flow rate   kg/s       η    fin efficiency           - 
h specific enthalpy   kJ/kg       λ    thermal conductivity          W/mK 
K overall heat transfer coefficient W/m2K       μ    viscosity           Pa s 
Lt length per unit   m       ρ    density           kg/m3 
Lf tube row pitch         m       Subscripts 
Lp tube column pitch     m       a    air 
M molecular weight   kg/kmol       c    collar 
m mass flux   kg/m2s       cb    Convective boiling 
Nu Nusselt number   -       de    dry completion 
p pressure    Pa       di    dry inception 
Pr Prandtl    -       f    film or frictional 
pre p/pcritical point   -        fi    Fin 
Q heat transfer rate   W       in    inlet, inside tube 
q Q per unit length   W/m       l    liquid 
Re Reynolds number   -       mi    Mist flow 
T temperature   K       nb    Nucleate boiling 
u velocity    m/s       tp    Two-phase flow 
x vapor quality   -       o    outlet or outside tube 
Y correction factor   -       r    working fluid 
We Weber number   -       v    vapour 
2. Objective Spot Cooling Heat Transportation Air-conditioning System 
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Fig.1(a), Fig.1(b) and Fig.1(c) show the flow diagram, exterior view and p-h diagram respectively for 
the spot cooling heat transportation. The working fluid is CO2 and the indoor unit (evaporator) shown in 
Fig.1(a), is located between the server racks, which makes it possible to operate the spot cooling. The 
condenser, tank, and CO2 pump, except the evaporator, are established outside the server room as outdoor 
units and a tube transports the working fluid in each component. Heat transported by the working fluid is 
exhausted by cooling water, which can be received from the turbo or the absorption refrigerator. In the 
winter season or a cold area, only the cooling tower can be directly used without the refrigerator for 
releasing heat. The specifications for each component are referred to Jeong[1]. The cycle of this system is 
illustrated in Fig. 1(a). 1→2: In the condenser, the CO2 is condensed by the cooling water. The CO2 in the 
condenser inlet is either in a two-phase or superheat state whereas at the outlet it is in the saturation and 
super cooling state. 2→3：CO2 flown from the condenser is stocked in the tank. If the CO2 is not 
completely condensed, the tank is utilized as a liquid-gas separator, the CO2 pump inlet is reserved by the 
liquid pool. 3→4：The CO2 is pressurized by the CO2 pump. 4→5：The pressure of the CO2 working 
fluid drops in the tube. 5→6：The CO2 at the evaporator inlet is at the sub-cooling state, and evaporates 
by heat transfer with the server rack air and changes into the two-phase or superheat state. The server rack 
air is cooled by the heat transfer with the CO2. 6→1：The pressure of the CO2 drops in the evaporator 
tube and the CO2 flows into the condenser.  
Fig.1.(a) left picture; Flow diagram of heat transportation system (b) top right picture; exterior view (c) below right picture; p-h 
diagram 
3. System Model 
A model of each component including the transportation tube is constructed because of the CO2 
pressure drop in the transportation tube. The evaporator and condenser are regarded as a distributed 
parameter model, and the magnetic pump and tank are regarded as a lumped parameter model. 
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The evaporator is described below as representatives of the component models. The evaporator is of the 
plate fin coil type as shown in Fig.2. Thus, the simulation models for the CO2 side and the server rack 
airside are formulated by the continuity, energy, and pressure drop equations as shown in Table 1. The 
detailed descriptions for heat transfer and pressure drop at the super heating, sub-cooling and two phase 
region for CO2 flow are referred to Jeong[1]. The heat transfer coefficient for the server rack air is 
expressed with the Seshimo[2]. 
 
Fig.2. Schematic of evaporator 
 
Table 1. Simulation model of evaporator 
Evaporator Mathematical model 
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4.  Simulation and Experimental Results 
In the case of the CO2 heat transportation, the system operation is expected to be performed in the low 
quality region because a high heat transfer performance can be attained in the low quality region of CO2. 
However, it is desirable to obtain the needed cooling capacity while minimizing the flow rate and 
considering the working fluid transportation. Hence, the optimum CO2 circulation flow rate and air flow 
rate for the forced convective heat transfer needs to be understood in the operation of the system. The 
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detailed experimental and simulation parameters are the server rack air temperature, the server rack 
airflow rate, the CO2 circulation flow rate, the cooling water flow rate, and the cooling water temperature. 
In this paper, we discuss the effect of CO2 circulation flow rate and the server rack air flow rate. The 
experimental and simulation conditions are shown in Table 2. To evaluate the performance of system, we 
defined the heat transportation performance factor Pf in the following. Pf =Qeva /(Wfan+Wr_p+Ww_p). Wfan: 
air side fan power, Wr_p : working fluid circulation pump and Ww_p : cooling water circulation pump. 
 
Table 2. Experimental and simulation conditions 
4.1. The Effect of the CO2 Working Fluid in The Circulation Flow Rate 
The effect of the CO2 flow rate is shown in Fig. 3. When the CO2 circulation flow rate increases, the 
heat transfer performance improves up to a point and then changes little. For the effectiveness of the 
operation in the low quality region of CO2, with the diminished CO2 circulation flow rate, we found that 
the optimum CO2 circulation flow rates correspond to the server rack air temperatures in the system 
operation as shown in the results of the heat transportation performance factor Pf. As the condition at the 
time, the low CO2 flow rate is about 2.0 kg/min at the condition of the server rack air temperature of 
35 °C and a heat transfer flow rate 5.5 kW. For the pressure drop, there is a difference between the 
simulation and experimental results. This hence needs to improve a distribution problem of the CO2 flow 
rate in a complicated tube flow. When considering the proper operating range at the low CO2 circulation 
flow rate, which showed satisfactory simulation results, it is better seen that the suggested simulation 
model is satisfactory. 
4.2. The Effect of the Server Rack Air Flow Rate 
The server rack air flow rate is an important parameter of the system load. Fig. 4 shows the effect of 
the server rack air flow rate on the system. The simulation and experimental results agree well as shown 
in Fig. 4. The CO2 circulation flow rate in the pump shown in Table 2 corresponds to 30 Hz. Based on the 
results, we found that the higher the server rack air flow rate is, the greater the heat transfer rate. However, 
air fan power also increases so that heat transportation performance factor Pf has maximum point. In the 
results, we clarified that the operation in system carefully needs to be performed considering Pf.  
5. Conclusions 
This study discussed the effect of the CO2 circulation flow rate and the server rack air flow rate as the 
main parameters in the actual operation of the system, and investigated the operating characteristics of a 
CO2 heat transportation system using simulations and experiments. The results can be summarized as 
follows: 
(1) We constructed an actual system with a CO2 working fluid, and the operating characteristics were 
clarified by both simulation and experiment. 
(2) The system simulation was performed by the general purpose energy system simulator, and we 
confirmed the experimental results. For the heat transfer flow rate, the experimental and simulation 
results are within the error range of ±5% at the two-phase state. Similarly, the pressure drop was within 
Parameter Unit Value Parameter Unit Value
Server rack air temp. °C 35 Cooling water condenser inlet temp. °C 12 
Server rack air flow rate m3 /min 18
CO2 circulation flow rate kg /min 2.5 Cooling water circulation flow rate Kg/min 18 
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the error range of ±25%. Furthermore, we will be able to improve the accuracy of the simulation 
considering the shape of the actual tube. 
(3) Optimum CO2 circulation flow rate and sever rack air flow rate to maximize the heat transfer flow 
rate existed and showed satisfactory heat transfer performance at the conditions of the small CO2 
circulation flow rate and air flow rate. 
As stated above, the effect of each parameter on the system was investigated for steady state operating 
conditions. We confirmed the guidelines for optimum operation and control based on the simulation and 
experimental results. However, there is little difference between the simulation and experimental results 
in the superheat region, which needs to be investigated in future. 
 
Fig. 3. The effect of working fluid mass flow rate on system  
 
Fig. 4. The effect of rack air flow rate on system 
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